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BMH214-3-3 proteins form a family of highly conserved, acidic, dimeric proteins. These proteins have been
identiﬁed in all eukaryotic species investigated, often in multiple isoforms, up to 13 in the plant Arabidopsis
thaliana. Hundreds of proteins, from diverse eukaryotic organisms, implicated in numerous cellular
processes, have been identiﬁed as binding partners of 14-3-3 proteins. Therefore, the major activity of 14-3-3
proteins seems to be its ability to bind other intracellular proteins. Binding to 14-3-3 proteins may result in a
conformational change of the protein required for its full activity or for inhibition of its activity, in interaction
between two binding partners or in a different subcellular localization. Most of these interactions take place
after phosphorylation of the binding partners. These observations suggest a major role of 14-3-3 proteins in
regulatory networks. Here, the information on 14-3-3 proteins gathered from several genome- and
proteome-wide studies in the yeast Saccharomyces cerevisiae is reviewed. In particular, the protein kinases
responsible for the phosphorylation of 14-3-3 binding partners, phosphorylation of 14-3-3 proteins
themselves, the transcriptional regulation of the 14-3-3 genes, and the role of 14-3-3 proteins in transcription
are addressed. These large scale studies may help understand the function of 14-3-3 proteins at a cellular
level rather than at the level of a single process.
© 2009 Elsevier Inc. All rights reserved.Introduction
14-3-3 proteins form a family of highly conserved, acidic, dimeric
proteins with a subunit mass of approximately 30 kDa. They received
their name in 1967 during a systematic classiﬁcation of brain proteins
and the numbers in the name are based on the fraction number after
DEAE-cellulose chromatography and the position after subsequent
starch gel electrophoresis [1]. 14-3-3 proteins were originally
described as abundant brain speciﬁc proteins. Later it was found
that they are present in all eukaryotic tissues and organisms
investigated. Many organisms contain multiple isoforms: in mammals
seven isoforms have been identiﬁed, whereas the model plant Arabi-
dopsis thaliana contains at least 13 isoforms. The ﬁrst function
described for these proteins was activation of neurotransmitter
synthesis [2]. Later it was discovered that they are able to bind
numerous proteins. At the moment hundreds of different cellular
proteins from diverse eukaryotic organisms are described as binding
partners for the 14-3-3 proteins. In addition, many more interaction
partners were found in large scale searches, but most of these
interactions still have to be conﬁrmed. The three-dimensional
structure of the mammalian isoforms indicates that the dimeric
protein has a U-shaped structure, forming a groove that can
accommodate two peptides of binding partners [3–5]. These bindingniv.nl.
ll rights reserved.partners are involved in almost every cellular process. Inmany, but not
all cases, 14-3-3 proteins bind to the phosphorylated form of these
proteins. Many interaction partners are phosphorylated at multiple
amino acid residues and two of these residues may be involved in the
interaction [6]. In a number of cases, the functional signiﬁcance of the
interaction with 14-3-3 has been established. For example, binding to
14-3-3 results in a conformational change of the protein required for
its full activity, whereas for other proteins 14-3-3 binding results in
inhibition of their activity. 14-3-3 also plays a prominent role in the
subcellular localization of proteins. 14-3-3 proteins are related to
several diseases, including cancer, Alzheimer's disease, the neurolo-
gical Miller–Dieker and Spinocerebellar ataxia type 1 diseases and
bovine spongiform encephalopathy (BSE). The yeast Saccharomyces
cerevisiae has two genes encoding 14-3-3 proteins, BMH1 and BMH2
[7–10]. Disruption of one of the BMH genes has little effect on cell
viability, whereas the simultaneous disruption of both genes is lethal
to the yeast cell. However, in the Σ1278 background 14-3-3 proteins
are not essential, but deletion of both BMH genes results in a severe
growth reduction and in a high sensitivity to various stresses [11]. One
of the characteristics of the Σ1278 strain is its ability to form
pseudohyphae. It is not known why 14-3-3 proteins are non-essential
in this background.
During the last two decades numerous papers have been published
describing the interaction of 14-3-3 proteins with other cellular
proteins. These studies have been reviewed elsewhere [12–18]. In
recent years an increasing number of genome- and proteome-wide
studies are being published addressing for example gene expression,
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protein phosphorylation and transcription factor binding. In many of
these studies the yeast S. cerevisiae is used. From these large scale
studies molecular networks start to emerge. Here, the data gathered
from large scale studies in S. cerevisiae are reviewed to get insight in
the molecular networks in which 14-3-3 proteins participate. In
particular, the protein kinases responsible for the phosphorylation of
14-3-3 binding partners, phosphorylation of 14-3-3 proteins them-
selves, the transcription regulation of the BMH genes, and the role of
14-3-3 proteins in transcription are addressed. Finally, a part of the
protein interaction networks in which 14-3-3 proteins participate is
visualized.
14-3-3 binding partners
Several proteome-wide studies to identify protein–protein inter-
actions in S. cerevisiae have been published (see SGD, www.
yeastgenome.org, or MIPS, mips.gsf.de/genre/proj/yeast/). These
studies employed different techniques like the yeast two-hybrid
system [19] and co-puriﬁcation with tandem-afﬁnity puriﬁcation
tagged proteins [20]. These studies identiﬁed thousands of protein–
protein interactions. Also tens of proteins interacting with the 14-3-3
proteins were identiﬁed. However, in a recent study using TEM-tagged
Bmh proteins 271 different proteins were identiﬁed that speciﬁcally
bind to the Bmh proteins in a phosphorylation-dependent manner
[21]. This study gave a much more complete picture of the interaction
partners than the above mentioned proteome-wide studies. The
interaction partners have diverse biochemical functions, subcellular
localizations and cellular roles as has been found for 14-3-3
interaction partners from multi-cellular organisms. In agreement
with this, 14-3-3 proteins are localized all over the yeast cell, may be
with exception of the vacuole. As S. cerevisiae has approximately 6200
protein-encoding genes, more than 4% of the proteins of this organism
may be a 14-3-3 binding partner.
Protein kinases involved in phosphorylation of 14-3-3 binding
partners
Almost all interactions with 14-3-3 proteins are dependent on
phosphorylation of the binding partners. This raises the funda-
mental question whether this phosphorylation is catalyzed only by a
limited number of speciﬁc protein kinases and accordingly the 14-3-
3 proteins are linked to these kinases or whether 14-3-3 binding is
not related to speciﬁc protein kinases. In a systematic study 82 of
the 122 known S. cerevisiae protein kinases were puriﬁed after over-
expression and incubated separately with yeast proteome micro-
arrays in the presence of labelled ATP [22]. In this way over 4000
phosphorylation events involving 1325 different proteins were
identiﬁed. This data set can be used to analyze which protein
kinase is able to phosphorylate each of the 271 14-3-3 binding
partners identiﬁed by Kakiuchi et al. As shown in Fig. 1, 72 of
studied protein kinases are able to phosphorylate 14-3-3 binding
partners. Tpk1, Ptk2, Yck1 and Yck2 were able to phosphorylate the
highest number of binding partners (27, 26, 21 and 20 binding
partners, respectively). A detailed version of Fig. 1 is given in Table
S1 (supplementary material). In this table the protein kinases are
grouped according to the family they belong to [23]. It is obvious
that kinases belonging to many different families are able to
phosphorylate 14-3-3 binding partners. Also, the kinases that are
able to phosphorylate the highest number of binding partners
belong to different families: Tpk1 belongs to group I (the AGC group
of kinases), Ptk2 to group VI_C (Npk1p/Hal5p family of kinases) and
Yck1 and Yck2 to group VI_A (CK1 family of kinases). On the other
hand, many protein kinases are not able to phosphorylate 14-3-3
binding partners, possibly because these kinases are incapable to
phosphorylate the 14-3-3 binding motifs. It should be realized thatthe phosphorylation events described by Ptacek et al. are in vitro
phosphorylation events and that additional undetected phosphor-
ylations may occur. Furthermore, these phosphorylations may take
place at other amino acids than those involved in 14-3-3 binding.
However, despite these reservations the data in Fig. 1 are in line
with the conclusion that 14-3-3 proteins are not linked to a speciﬁc
family of protein kinases. Also in multi-cellular organisms 14-3-3
binding partners are phosphorylated by diverse protein kinases. As
several protein kinases are 14-3-3 binding partners, their activities
may be regulated by 14-3-3 proteins. Hence, phosphorylation of
some 14-3-3 binding partners may be regulated by 14-3-3 proteins.
Post-transcriptional modiﬁcation of 14-3-3 proteins
14-3-3 proteins are phosphorylated themselves at multiple
residues. It has been shown that the mammalian 14-3-3 alpha and
delta isoforms are the phosphorylated forms of the beta and zeta
isoforms, respectively, phosphorylated at serine-185 [24]. Human 14-
3-3 epsilon is phosphorylated by protein kinase A at serine−58 thus
inhibiting dimerization [25], although it is unclear how phosphoryla-
tion at the dimerization interface can occur given the high avidity of
the dimer interaction, and also the stoichiometry is unknown. Also,
human 14-3-3 zeta is phosphorylated at the same position [26]. The
BCR and casein kinase 1 phosphorylate human 14-3-3 tau on serine
−233 and 14-3-3 zeta on threonine −233 [27]. A sphingosine-
dependent protein kinase [28] speciﬁcally phosphorylates certain
isoforms of 14-3-3 (eta, beta, and zeta) but not others (sigma and tau)
[28]. Recently, it was shown that in AMA cells the beta/zeta isoforms
were constitutively phosphorylated at all phases of the cell cycle,
whereas no phosphorylation of the sigma and epsilon isoforms was
found and that the tau isoform was phosphorylated at low but
detectable levels in G1, and mitosis, and at higher levels in S-phase
[29]. In addition, more phosphorylation events of 14-3-3 proteins have
been described. In a recent systematic study [30] (www.phosphopep.
org) of yeast phosphoproteins it was found that both Bmh1 and Bmh2
are phosphorylated at serine −104. A serine residue is found at the
corresponding position inmany but not all 14-3-3 isoforms from other
species (Table 1). In some isoforms a non-phosphorylable amino acid
residue is found at this position. In another study of yeast
phosphopeptides [31] phosphorylation of Bmh1 at serines −65,
−66, −86 and −89 was observed. Serine residues at positions 65
and 66 are highly conserved, whereas serine residues at positions
corresponding to positions 86 and 89 are not conserved at all (Table 1).
The signiﬁcance of these phosphorylations remains unknown. In the
in vitro phosphorylation study by Ptacek et al. [22], the protein
kinases Ark1, Atg1, Cmk1, Yck1, Yck2 and Ygl059w (Pkp2) were found
to be able to phosphorylate Bmh2. These protein kinases belong to the
different families (II_A, V_C, VI_A and VII_A). Surprisingly, in the study
of Ptacek et al. no protein kinases were found that can phosphorylate
Bmh1 [22].
In a proteome-wide study to identify ubiquitinated proteins using
a S. cerevisiae strain expressing 6× His-tagged ubiquitin,1075 different
ubiquitinated proteins were found [32]. One of these proteins was
Bmh2. Bmh1 was not found. In a similar study ubiquitination of Bmh
proteins was observed as well (discrimination between Bmh1 and
Bmh2 was not possible) [33]. In a proteome-wide study to identify
SUMO-conjugated proteins using a double-afﬁnity puriﬁcation pro-
cedure 159 candidate sumoylated proteins were identiﬁed by two or
more peptides. Bmh1 was as one of the identiﬁed proteins [34].
Transcription of BMH1 and BMH2 genes
In several studies usingmulti-cellular organisms it has been shown
that transcription of genes encoding 14-3-3 isoforms is highly cell type
speciﬁc and strongly regulated. This raises the question whether also
the expression of the 14-3-3 genes in a unicellular organism is affected
Fig. 1. Phosphorylation of 14-3-3 binding partners by different protein kinases. In vitro phosphorylation data [22] were used to analyze which protein kinases may phosphorylate 14-3-3 binding partners [21]. Phosphorylation events are
indicated in gray. See Table S1 (supplementary material) for a detailed version of this ﬁgure.
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Table 1
Comparison of serines −65, −66, −86, −89 and −104 of Bmh1 and Bmh2 with the corresponding amino acid residues in 14-3-3 isoforms from other organisms.
290 G.P.H. van Heusden / Genomics 94 (2009) 287–293by the environmental conditions. Numerous genome-wide expression
studies using DNA microarrays have been published for S. cerevisiae.
These studies revealed that the transcription of the BMH genes is
affected under a number of circumstances. For example, a more than
3-fold induction of the transcription of BMH1was found during a heat
shock, after treatment with dithiothreitol or diamine, whereas the
expression was reduced more than 3-fold after prolonged cultivation
at the stationary phase [35]. Similar but not identical effects were
found for the transcription of BMH2. Also addition of Ca2+ resulted in
a more than 3-fold induction of the expression of both BMH1 and
BMH2 [36]. During the cell cycle the expression of both BMH genes
varied less than 2-fold [37]. Thus, these and other microarray
experiments suggest that the transcription of BMH1 and BMH2 is
regulated in a very similar but not identical way. This can also be seen
by comparing the expression levels of BMH1 and BMH2 in various
microarray experiments using the SPELL program (http://imperio.
princeton.edu:3000/yeast/) [38].
To understand transcriptional regulation of the BMH genes it is
important to know which transcription factors bind to the promoter
regions of the BMH genes. In this respect it is of importance that
the BMH2 gene contains a 5′-untranslated intron at position−826 toTable 2
Predicted transcription factor binding sites in the promoter regions of BMH1 and BMH2.
Transcription factor Consensus Position BMH
Ash1p YTGAT −510fa
Azf1p AAGAAAAA −29f
Bas1p, Gcn4p TGACTC −324r
Cbf1p RTCACRTG −388r
Fkh1p, Fkh2p RYMAAYA −300f, −512
Gat1p, Gln3p, Gzf3p GATAAG
Gcn4p TTGCGCAA −506fr
Gcn4p CACGTG −389fr
Gcr1p CWTCC −292f, −314
Gis1p AGGGG −210f, −418
Gsm1p CGGNNNNNNNNCGG −547f
Hsf1p NGAANNTTCN
Ime1p TTTTCHHCG −187f
Met4p TCACGTG −389r
Mot3p TMGGAA −67r
Mot3p AAGAGG −290r, −316
Mot3p AAGGWT
Nrg1p CCCTC
Msn2p, Msn4p, Nrg1p, Rph1p CCCCT −212r, −420
Pho4p CACGTK −389fr
Rgt1p CGGANNA −335r
Rpn4p GGTGGCAAA −304f
Rtg1p, Rtg3p GTCAC −388r
Stb5p CGGNS −270f, −277
Ste12p TGAAACA
Tec1p CATTCT
Yrr1p WCCGYKKWW
a f, forward strand; r, reverse strand.− 84 [39]. Using Yeastract (www.yeastract.com) [40] we analyzed the
promoter regions of BMH1 and BMH2 for potential transcription
binding sites. As illustrated in Table 2, the promoter regions of both
genes contain many potential transcription factor binding sites.
Comparison of the promoter regions of the two BMH genes shows
that these regions not only share some potential transcription binding
sites but also contain many different binding sites. It is still unclear
which of these sites are functional. In addition, many of the
transcription factor binding sites consist of a short sequence, and
hence such sites are very abundant in the yeast genome. Using chip-
on-chip technology experimental evidence for binding of the
transcription factors Ace2, Aft2, Cbf1, Fhl1, Flo8, Gcr1, Gcr2, Msn2,
Pdr1, Rph1, Rpn4, Sok2, Stb5, Ste12, Swi4, Tec1 and Tye7 to the
promoter region of BMH1 and of the transcription factors Ste12 and
Tec1 to the promoter region of BMH2 was obtained (www.yeastract.
com and references given at this database). The promoters of BMH1
and BMH2 contain several Gcr1 binding sites (CTTCC). It has been
shown that disruption of GCR1 resulted in increased levels of BMH1
and BMH2mRNA after growth on glucose [41]. In another study, a 1.8-
fold reduction of the BMH1mRNA levels was observed and an almost
4-fold increase in BMH2mRNA [42]. Also experimental evidence from1 Position BMH2
−955f, −881r, −1173r, −1252r
r, −520r −981f, −955r, −965r, −997r
−1006r
r, −348r, −378f −1074f, −924f
f, −427f
−1142r
−1063fr
−1087r
−1361f, −1283r
f, −376r −1024r
−1300r
−921f
r, −429r
−1360f, −1073r
−1069r
f, −282r, −305f, −330f, −382f, −539f −1078f, −1055f, −1127r
−1222r
−873f, −1381f
−1126f
Fig. 2. Visualization of a part of the networks inwhich 14-3-3 proteins are involved. Networks are visualized using Cytoscape. Blue lines: protein–protein interactions ([21] and www.
yeastgenome.org); red lines: in vitro protein phosphorylation [22]; yellow lines: potential transcriptional regulation (www.yeastract.com). The 14-3-3 proteins Bmh1 and Bmh2
(Bmhx) interact with 271 proteins. These binding partners can be phosphorylated by several protein kinases, including Tpk1 and Snf1. Phosphorylation by Tpk1 and Snf1 is
visualized. Proteins of which gene expression is increased in the bmh2(Ts) mutant are indicated in green, proteins of which gene expression is decreased are indicated in red [45].
291G.P.H. van Heusden / Genomics 94 (2009) 287–293microarray experiments for involvement of Gcn4 in the regulation of
BMH1 is given [43]. Thus, transcriptional regulation of the BMH
genes is a complicated process in which many transcription factors
may be involved.
Role of 14-3-3 proteins in transcriptional regulation
Several transcription factors are 14-3-3 binding partners, including
Gal4, Gat1, Gcr2, Gln3, Gts1, Hot1, Mig1, Msn2, Msn4, Sﬂ1, Ume6 and
Xbp1 [21]. Therefore, 14-3-3 proteins may have a prominent role in
transcriptional regulation. In addition, 14-3-3 proteins may regulate
transcription by binding upstream components of networks regulat-
ing transcription factors. To address the role of 14-3-3 proteins intranscriptional regulation, a bmh null mutant in the Σ1278 back-
ground was used for genome-wide transcriptional analysis [44]. In
addition, we constructed a bmhmutant with sub-optimal levels of 14-
3-3 proteins in the CEN.PK background [45]. After cultivation of this
mutant under deﬁned conditions in chemostat cultures, the mRNA
levels of 60 genes were more than 2-fold higher in the mutant
compared to the wild type, whereas the RNA levels of 78 genes were
more than 2-fold lower in the mutant [45]. The affected genes belong
to diverse functional categories. Many Rtg3-regulated genes have an
increased transcription in the mutant, while some Msn2/Msn4
regulated genes have an increased transcription and other Msn2/
Msn4 regulated genes have a decreased transcription. Analysis of the
proteome of the bmh mutant cells resulted in the identiﬁcation of 26
292 G.P.H. van Heusden / Genomics 94 (2009) 287–293proteins of which the levels increased by more than 2.0-fold and 51
proteins of which the levels decreased by more than 2.0-fold in the
bmh mutant compared with those of the wild-type strain [46]. For
only 9 of these proteins, a more than 2.0-fold alteration was found at
the transcriptional level. The levels of many proteins involved in
gluconeogenesis, including Fba1, Eno1, Eno2, Tpi1, Pck1, Mdh2, Tdh2,
Tdh3, and Gpm1, increased in the mutant, whereas the levels of
several proteins involved in amino acid biosynthesis and translation
and heat shock proteins were lower. These studies indicated that 14-3-
3 proteins control the S. cerevisiae proteome at the post-transcrip-
tional level, in agreement with the binding of 14-3-3 proteins to
proteins involved in protein synthesis and degradation.
Protein interaction networks in which 14-3-3 proteins participate
14-3-3 proteins bind to numerous proteins involved in almost
every cellular process. However, little is known of the role of 14-3-3
proteins at a cellular level. Genome wide studies generated huge
amounts of data and the challenge is to use these data to develop
models of protein and gene interaction networks describing the role
of 14-3-3 proteins in cell functioning. In an initial attempt to
visualize part of the networks in which 14-3-3 proteins participate,
we used the Cytoscape program [47]. In Fig. 2 a small part of the
networks of regulation of transcription by the 14-3-3 proteins are
visualized. We particularly addressed the regulation of Msn2- and
Rtg3-controlled genes. In Fig. 2 we included protein–protein
interaction data (blue lines) (taken from [21] and SGD), in vitro
protein kinase activities (red lines) (taken from [22]) and
transcription factor binding (yellow lines) (taken from the Yeastract
database [40]). In Fig. 2 the effect of bmh mutation on gene
expression is visualized as well [45]. Proteins of which the mRNA
levels are decreased in the bmh mutant are coloured red, whereas
proteins of which the mRNA levels are increased in the bmh mutant
are coloured green. Fig. 2 shows that the expression of a number of
genes having an Rtg3-binding site is increased in the bmh mutant,
in line with our genetic studies [48]. On the other hand, many other
genes with an Rtg3 binding site are not affected. Some of the genes
with Msn2 binding sites are up-regulated in the bmh mutant
whereas others are down-regulated. Fig. 2 further shows that the
transcription of only a very limited number of genes encoding 14-3-
3 binding partners is affected by the bmh mutation.
Concluding remarks
Hundreds of proteins from different eukaryotic organisms have
been described binding to 14-3-3 proteins. In a number of cases, the
functional signiﬁcance of the interaction with 14-3-3 has been
established. For example, binding to 14-3-3 results in a conforma-
tional change of the protein required for its full activity. For other
proteins 14-3-3 binding results in inhibition of their activity. 14-3-3
also plays a prominent role in the subcellular localization of proteins.
However, these studies always address the role of 14-3-3 proteins in a
single process. Large scale studies in yeast can potentially reveal
functions of 14-3-3 proteins at a cellular level. Our initial attempts to
visualize the interaction networks in which 14-3-3 proteins partici-
pate, lead to the conclusion that these networks are very complex and
that more studies are required to fully understand the role of 14-3-3
proteins in these networks. A point of concern is that the experimental
conditions of large scale studies vary considerably between different
experiments. This makes elucidation of interaction networks using
these data sets even more complicated.
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